Abstract-We calculate the optical forces exerted on nanoparticles in close proximity to the surface of fishnet metamaterials based on metal/dielectric/metal films when irradiated at near infrared wavelength. These forces show resonant frequencies similar to the magnetic resonant frequencies in the double negative index fishnet metamaterial. We also show that the optical force can be enhanced by optimizing the geometry of the fishnet to provide a stronger magnetic resonant dipole. In contrast to most other plasmonic nanostructure which always obtaining trapping force using an electrical resonant dipole, our presented structure utilizes the magnetic resonance to provide a trapping force. We have found that it is suitable for optical trapping of nanoscale particles at illumination intensities of just 1 mW/µm 2 and the force is sufficient to overcome gravity.
INTRODUCTION
The gradient of the light field has been used to generate optical force to trap micrometer-sized particles, a configuration known as "optical tweezers" [1] . This strong gradient force that confines the objects in three dimensions has been exploited in dielectric nanostructures, leading to many exciting applications in colloid dynamics [2] , particle sorting [3] , lab-on-a-chip technology [4] , optical trapping and transport of biomolecules [5, 6] . However, in conventional optical tweezers, light usually has a repelling force on the particles due to the focused gradient beam [7] [8] [9] [10] . In a recent study, researchers have shown that the trapping force can also be obtained using a gradientless light beam [11] . But the highest achievable intensity gradient is bounded by the diffraction of the light beam, which limits the maximum optical trapping force for a given input power, recently surface plasmon (SP) based systems have been proposed to address the problem [12] [13] [14] . In SP devices, the collective optical excitation of electrons along a metal dielectric interface confines the electromagnetic waves to deep subwavelength scale [15, 16] . The optical field strength and trapping force will be then significantly enhanced by the strong optical confinement.
Recently, researchers have exploited the trapping force for the various plasmonic nanostructures, for example, gold nanoparticle dimers [17] , all-optical actuation of nanomechanical systems [18] and negative refractive index metamaterials [19] [20] [21] . Compared to conventional optical tweezers, plasmonic nanostructures can create high local field enhancements and provide an optical force to be more suitable for trapping nanoparticles [22] [23] [24] [25] . Lately, an array of Au bowtie nanoantennas (BNAs) was demonstrated for optical trapping and manipulation of the submicrometer sized objects when illuminated by laser radiation [26] . These periodic plasmonic structures have a strong electrical resonance because each unit cell functions as an electrical quadrupole. When the laser frequency is chosen close to the electrical resonance of BNAs, a much stronger optical force can be achieved due to the large localized intensities close to the surface. To our knowledge, most plasmonic nanostructures discussed above typically rely on the excitation of the electrically resonant dipole, but the optical trapping force exerted on the nanoparticles induced by magnetic dipole resonance has not been reported yet.
In recent years, researchers have found that a pronounced magnetic dipole resonance can be excited in metamaterials [27, 28] . A well known application of this magnetic resonance is in achieving double negative index by using multilayer metamaterials [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . In this article, we want to explore the optical trapping forces in such a multilayer fishnet metamaterial. Unlike single plasmonic layer metamaterials where λ L, in which λ is the resonant wavelength and L is the lattice constant of the metamaterial, this multilayer fishnet metamaterial can achieve a double negative index in both near-infrared and visible region on the condition that L > λ 4 [30, 49] . We have found that the resonance of the optical forces is very close to the resonance of the magnetic dipole excited by the fishnet metamaterial when illuminated in the near infrared. The effect of the fishnet's geometry (round and elliptical holes) on the strength of the forces has also been investigated. It has been shown that structure formed from an elliptical nanohole array (ENA) possesses a greater value of trapping force than a circular nanohole array (CNA) due to its stronger magnetic dipole resonance. We have also shown that the optical force is sufficient to overcome gravity at illumination intensities of just 1 mW/µm 2 .
METHOD
In this section, we discuss the method for computing the optical force on the dielectric particle near the surface of MDM fishnet metamaterials. We firstly use the three dimensional finite difference time domain method (3D FDTD) to solve Maxwell's equations for the scattering problem of an incident plane wave illuminating the fishnet metamaterial. After obtaining the field profile of the structure, we integrate the stress tensor over the surface of the nanoparticle in the simulation domain to calculate the optical force on the particle [50] :
where
is the Maxwell stress tensor, S is a bounding surface around the nanoparticle. Here E and H are the electric and magnetic fields, ε and µ are the relative permittivity and permeability. δ ij is the Kronecker delta. The total optical force F (assuming Casimir and heating effects to be negligible) consists of an electromagnetic radiation pressure 
where R is reflection, A is absorption, P is the power of the incident light and c is the speed of the light in vacuum [51] . As shown in Figure 1 (a),
−→
F rad acting on the dielectric particle is an upward pushing force and −→ F nr is a downward dragging force. When the light is trapped and strongly absorbed by fishnet metamaterial for example A = 1, we can obtain the minimum value of 
SIMULATION RESULTS AND DISCUSSION
We begin our study with an analysis of a two-dimensional (2D) square periodic array of round and elliptical holes penetrating through As noted above, this paper uses a commercial 3D FDTD solution to study the structure. A simple Drude model is used for the dielectric constant of Au,
, where ω p = 1.37 × 10 16 s −1 is the plasma frequency and ω c = 2.04× 10 14 s −1 is the collision frequency for bulk Au [30] . The refractive index of Al 2 O 3 is 1.62. The computational domain has perfectly match layer (PML) absorbing boundaries in the z direction and periodic boundaries in the x-y plane. The FDTD mesh size is 2 nm to provide an accurate calculation on the plasmonic effect. We illuminate the structure with round holes by an upward plane wave with the E field along the x axis as described in Figure 1(a) . A p polarized plane wave source was used to illuminate the structure with elliptical holes due to its asymmetric as shown in Figure 1(c) , where p polarization is defined by the incident electric field vector parallel to the short axis of the elliptical holes. Both of the structures are illuminated in the near infrared regime with power density of 1 mW/µm 2 . The power intensity is chosen to be readily tolerated by the thin Au films and creates sufficient optical force to exceed the gravitational force.
We firstly compute the spectrum of CNA in Figure 2 (a). It shows that little transmission signal can be detected around the wavelength of 1640 nm. Simultaneously, a reflection dip and absorption peak can also be achieved. These are most likely determined by the magnetic resonance which results from a pair of finite-width Au films separated by a dielectric layer along the direction of the incident light. We show the spectrum of the ENA in Figure 2(b) . At the resonant wavelength of 1658 nm, it is found that ENA possesses a deeper reflectance dip and higher absorption peak than the CNA. This is due to the fact that the thinner metallic strip width along the short axis of the elliptical aperture can be used to improve the impedance matching between the air and the metamaterial [31] .
The so-called material parameters, effective permittivity ε eff and effective permeability µ eff of the MDM fishnet metamaterials are extracted using the well-known Nicholson-Ross-Weir (NRW) method [52, 53] .
The normalized characteristic impedance and refractive index of the structure at normal incidence angle are found from the Fresnel-Airy formulas [54]:
and the effective material parameters are expressed as
Here, n is refractive index, η is impedance, D is the thickness of the structure, k = ω/c, c is the speed of light, and m is an arbitrary integer. The signs of n and η and the value of m are commonly chosen as described in [55] . Using the procedure described in Section 2, we calculated F on a dielectric particle which is 180 nm above the surface of the structures as shown in Figure 1 . We assume that the particle has a relative dielectric permittivity ε p = 2.25 and the radius of the particle is R p = 80 nm. In Figure 3(a) , it can be seen that the dispersion of F has a local minimum at the wavelengths of 1640 nm and 1658 nm for the CNA and ENA respectively, corresponding to the absorption peaks shown in Figure 2 . Figure 3(a) shows that F in the ENA at 1658 nm is stronger than CNA at 1640 nm. It is believed that the greater value of F in ENA is a consequence of the structure's higher absorption induced by the stronger magnetic dipole resonance.
This can be explained based on the calculation of the permeability of the structures. As shown in Figure 3(b) , the ENA gives rise to a more negative value of real part of the permeability (Re(µ eff )) than the CNA. The less negative Re(µ eff ) of the CNA mainly originates from a weaker magnetic resonance owing to a poor impedance match between the metamaterial and the surrounding medium [31] . Particularly, we observe that the resonance wavelengths of the Re(µ eff ) are close to the resonance wavelengths of F where the dielectric particle can obtain the maximum trapping force F shown in Figure 3(a) . We can then understand that magnetic dipole resonance in MDM fishnet metamaterials will also contribute to the optical trapping force. The value of F is associated with the strength of the magnetic dipole resonance: a more negative Re(µ eff ) or stronger magnetic dipole will result in a greater value of F . In Figures 3(c) and (d), we have also simulated Re(ε eff ) and Re(n) for the ENA and CNA. As shown in Figure 3 (c), Re(ε eff ) is negative over an overlapping frequency range with the negative Re (µ eff ) in both the ENA and CNA. In Figure 3(d) , it can be seen that Re(n) of the ENA shows a more negative dip near the resonance frequency owing to the stronger permeability resonance shown in Figure 3(b) . To better understand this feature, Figure 4 shows the magnetic field distributions at the magnetic resonant wavelengths 1658 nm and 1640 nm for the ENA and CNA respectively at a β plane shown in Figure 1 . In the field maps of Figure 4 , the arrows show the electric displacement current whereas the colour shows the magnitude of the magnetic field. The formation of closed displacement current loops can be observed. According to Faraday's law, magnetic dipolar modes are excited at these magnetic resonant wavelengths. Therefore, the magnetic field can be efficiently confined between the two Au layers to support a magnetic resonance at which light is trapped and strongly absorbed to create a higher value of the magnetic dipolar optical force [56] . In particular, the localized magnetic fields in the ENA are enhanced more strongly than in the CNA, implying that a greater value of magnetic dipolar force could be obtained. It is interesting to compare the gravitational force on the particle with the optical trapping force. The gravitational force on a 80 nm radius nanoparticle is around 0.02 fN which is four orders smaller than F under 1 mW/µm 2 illumination intensity. So the optical forces discussed here are easy to distinguish and the magnetic dipolar force will be big enough to manipulate a nanoparticle against gravity. It is also found that the magnetic dipolar force depends on wavelength, hence providing dynamic controllability and spectral selectivity. In order to further justify the fact that F is mainly induced by the magnetic resonant dipole, we have simulated the identical lateral structure, however, with a single Au layer as shown in Figure 5 . In Figure 6 (a), we show the displacement current in the β plane. We note that the electric displacement current does not form a loop and hence, the magnetic field cannot be efficiently confined in the single Au layer to support a magnetic resonance. We then calculated Re(µ eff ) of the structure shown in Figure 6 (b) and in agreement with the displacement map, the ENA embedded through the single Au layer does not possess a negative Re(µ eff ). In Figure 6 (c), F on the same dielectric particle which is 180 nm above the surface of the structure is shown and a zero value of F is observed. This suggests that the optical trapping force in multilayer fishnet metamaterial is mainly due to the magnetic resonant dipole.
In this section, we analyze F for lossy particles, which are 180 nm above the surface of the structures, by introducing the loss term δ into permittivity ε = ε p + iδ. We choose two different values for the loss term: δ = 0.1 and δ = 0.3. In Figure 7 , we present the comparison of F acting on a nanoparticles (R p = 80 nm, ε p = 2.25) with and without loss. It is shown that the waveform of F is similar in both cases, but the optical trapping force reduces when loss increases. This can be explained by the fact that the momentum transfer from the photons to the nanopaticles creates additional pushing forces as the result of non-elastic interactions [11] . Figure 8 shows the total optical force F at different ratios of the diameters of the elliptical hole (
) with the same lattice constant: L = 680 nm. It is shown that the absolute value of F increases as the ratio of the diameters increases from 1 to 1.6. It is most likely due to the fact that as the ratio increases from unity, the more anisotropy will be introduced to the unit cell of the ENA, so F becomes stronger. It is also shown that the F curve redshifts when the ratio of the diameters increases.
CONCLUSION
In conclusion, we have demonstrated the possibility of realizing optical trapping force using double negative index fishnet metamaterials in the near infrared regime. It has been shown that an ENA exhibits a greater value of optical trapping force F than a CNA. The mechanism of this enhanced optical force is explained based on both magnetic dipole resonance and magnetic field distributions in the negative index structures. The optical trapping force induced by the magnetic dipole resonance enables the applications of optical tweezers at the nanometer scale, opening a new realm for optical trapping and manipulation of nanoparticles such as biomolecules and quantum dots. 
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